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ABSTRACT
Intermediate filaments are cytoskeletal proteins that are key regulators of cell mechanics, a role
which is intrinsically tied to their hierarchical structure and their unique ability to accommodate
large axial strains. However, how the single-filament response to applied strains translates to
networks remains unclear, particularly with regards to the crosslinking role played by the filaments’
disordered “tail” domains. Here we test the role of these noncovalent crosslinks in the nonlinear
rheology of reconstituted networks of the intermediate filament protein vimentin, probing their
stress- and rate- dependent mechanics. Similarly to previous studies we observe elastic stress-
stiffening but unlike previous work we identify a characteristic yield stress σ∗, above which the
networks exhibit rate-dependent softening of the network, referred to as inelastic fluidization. By
investigating networks formed from tail-truncated vimentin, in which noncovalent crosslinking is
suppressed, and glutaraldehyde-treated vimentin, in which crosslinking is made permanent, we show
that rate-dependent inelastic fluidization is a direct consequence of vimentin’s transient crosslinking.
Surprisingly, although the tail-tail crosslinks are individually weak, the effective timescale for stress
relaxation of the network exceeds 1000s at σ∗. Vimentin networks can therefore maintain their
integrity over a large range of strains (up to ∼1000%) and loading rates (10−3 to 103s−1). Our
results provide insight into how the hierarchical structure of vimentin networks contributes to the
cell’s ability to be deformable yet strong.
∗Present address: School of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, United Kingdom.
1† Electronic Supplementary Information (ESI) available: Onset stress and linear modulus at all loading rates (S1), Representative
stress vs. strain curve indicating rupture criteria (S2), loading rate dependent contributions to differential storage modulus (S3), affine
entropic simulation data of vimentin networks (S4), frequency sweeps of vimentin networks with different crosslink modifications
(S5), linear and nonlinear rheology of tailless vimentin (S6).
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1 Introduction
The cells in our body have the remarkable ability to main-
tain but also adjust their structure in dynamic and stressful
environments.11 This remarkable versatility is facilitated
by the cytoskeleton, an intracellular filamentous network
that spans the cell’s interior. Cells are able to stiffen in
response to mechanical cues17,41,64,74 but have also been
shown to soften12,43,73 depending on the magnitude of ap-
plied stress,22 the loading rate40 and the contributions of
different cytoskeletal components16 and the interactions
between them.34
An integral subsystem of the cytoskeleton are the interme-
diate filaments, which form cell-spanning networks that
are essential to mechanotransduction and provide resis-
tance to external loads.26 Intermediate filament networks
are very soft at small deformations but are able to stiffen
substantially under stress29 and can withstand significantly
higher axial strains than the other two cytoskeletal fila-
ments, actin filaments and microtubules.36 These unusual
mechanical properties are thought to be related to the ex-
tensible α-helical domains present in all intermediate fila-
ment monomers and the precise assembly sequence from
monomers to filaments under physiological conditions72
(figure 1(a)). Their primary role as mechanoprotective ele-
ments is evidenced by the tendency of many cell types to
increase their expression levels of intermediate filaments
in response to stress19 and the numerous intermediate fila-
ment genetic mutations associated with diseases relating to
cell fragility.62 They are expressed in a cell- and organism-
specific manner, suggesting their physiological function
may relate directly to the local mechanical environment in
different tissues.
Intermediate filament networks exhibit dynamic
(dis)assembly and remodeling in the cell,67 but on a
much larger timescale (minutes) compared to the turnover
dynamics of actin filaments and microtubules (seconds),
which enables them to act as long-lived structures that help
maintain cell integrity28,44 and cytoskeletal polarity39 even
as cells perform dynamic processes such as migration.15,21
How the interplay between dynamic remodelling of
intermediate filaments and their nonlinear mechanics
depends on the mechanical load and the loading rate
remains an unresolved question. In cells, interactions
between intermediate filaments are mediated by a variety
of accessory proteins that crosslink the filaments to each
other,76 to actin and microtubules,13 and to cell-matrix
and cell-cell adhesions.66
Rheological studies on reconstituted networks of inter-
mediate filaments have furthermore shown that they are
inherently associative due to ionic interactions,63 particu-
larly between their highly charged carboxy-terminal tail
domains which act as crosslinkers.52 As a result of this
crosslinking, intermediate filament networks exhibit non-
linear stress stiffening over several decades of applied
stress.36 63,69 The non-covalent nature of these interfila-
ment interactions37 presents a potential mechanism for
dissipation, through a process known as inelastic fluidiza-
tion.25 In contrast to entropic stiffening, which arises from
the initial nonlinear stretch response of individual fila-
ments,10 inelastic fluidization emerges from subsequent
remodelling events such as unbinding and rebinding of the
crosslinks between filaments leading to network softening.
This behaviour was first observed in reconstituted actin net-
works,48,78 in which transiently bound accessory proteins
act as crosslinkers between filaments.49 Observing inelas-
tic fluidization during mechanical loading is technically
challenging because time-dependent and stress dependent
mechanics are inherently convoluted in nonlinear rheology
experiments.9 Moreover, it is challenging to discriminate
inelastic effects at the network level from inelastic effects
at the filament level. For intermediate filaments, these
include rate-dependent extensibility5 and dissipation4 as
measured by single-filament stretching experiments.
Here we investigate the consequences of noncovalent inter-
actions for the nonlinear rheology of vimentin networks,
using two complementary rheology protocols that allow
us to deconvolve the time and stress-dependent mechan-
ics. We are thus able to extract quantitative measures of
the time scales and characteristic stress where inelastic
fluidization occurs. We directly probe the contribution
from noncovalent interactions between filaments by sup-
pressing these interactions through genetic modification
by removing the C-terminal tails and through chemical
crosslinking. This comprehensive approach allows us to
construct a phase space describing how the nonlinear re-
sponse depends on loading rate and amplitude.
Methods
Protein Preparation
Human vimentin was expressed in Escherichia coli (strain
TG1) and purified from inclusion bodies as previously de-
scribed.32 A tailless mutant of human vimentin, with a trun-
cation of the final 55 residues of the carboxy-terminal,31
was purified separately. Plasmid DNA for wild type and
tailless vimentin were gifted by H. Herrmann, German
Cancer Research Centre. Purified vimentin protein was
stored at -80◦C in a storage buffer comprising 8 M urea, 5
mM Tris-HCl, pH 7.5, 1 mM dithiothreitol (DTT), 1 mM
ethylenediaminetetraacetic acid (EDTA), 0.1 mM ethy-
lene glycol bis(β-aminoethyl ether)N,N’-tetraacetic acid
(EGTA). The protein was dialyzed from 8M urea in steps
of decreasing urea concentrations, (6M, 4M, 2M, 1M) by
dilution with 5 mM Tris-HCl, pH 8.4, 1 mM EDTA, 0.1
mM EGTA, and 1 mM DTT, at room temperature with
dialysis tubing with a molecular weight cut off of 12,000-
14,000 as previously described33. Dialysis was continued
overnight at 4◦C against a final buffer of 5 mM piperazine-
N,N’-bis(2-ethanesulfonic acid) (PIPES), pH 7.0, 1 mM
EGTA and 1 mM DTT. The final protein concentration was
determined through measurement of the UV absorbance
at 280nm using extinction coefficients of 22450M−1cm−1
for wild type vimentin and 24870−1cm−1 for tailless vi-
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Figure 1: (a) Vimentin monomers comprise a central rod domain of three α-helical coils with disordered “head” and
“tail” regions at either end. Monomers assemble from parallel coiled-coil dimers into full-length filaments through a
series of intermediate steps. (b) In the presence of monovalent and divalent cations, vimentin assembles into smooth
filaments (electron micrograph, top, scale bar: 0.5µm) that form dense networks (confocal fluorescence micrograph,
bottom, scale bar: 20µm). (c) Here the “stress pulse” rheology protocol short stress pulses are interspersed with
longer recovery periods. Stress pulses show extensive stiffening, a consequence of the uniquely high rupture strains of
intermediate filaments. Networks largely recover upon the removal of stress.
mentin. The scattering contribution to the UV spectra was
measured by fitting a Lambert-Beer law within the range
320-340nm and subtracting the result from the measured
spectra.3 Dialysed protein was aliquotted, flash-frozen in
liquid nitrogen and stored at -80◦C. To initiate filament
assembly into networks we added a 10× concentrated poly-
merization buffer to thawed vimentin at 37◦C to obtain
final concentrations of 25mM PIPES (pH 7.0), 100mM
KCl, 4mM MgCl2 and 1mM EGTA.
Shear Rheology
All rheology measurements were performed with a stress-
controlled rheometer (Kinexus Malvern Pro) equipped
with a steel cone and plate (20mm diameter, 1◦ cone angle).
Immediately after mixing with polymerization buffer the
sample was transferred to the rheometer. Samples were left
to polymerize for 60mins at 37◦C between the rheometer
plates by which time the storage modulus G’ was observed
to reach a steady state value. Mineral oil (Sigma Aldrich)
was applied to the air-sample interface to prevent drying.
Vimentin was polymerised at a concentration of 1mg/ml,
unless otherwise stated. Assuming a mass per length of
6.65×10−11g/m,30 the mesh size of the network ξ is es-
timated by the relation ξ = 1√ρ , where ρ is the filament
density expressed in terms of the total filament length per
volume. A concentration of 1mg/ml of wild type vimentin
with molecular weight 53.6kDa corresponds to ξ = 206nm.
We term the two main nonlinear rheology protocols in this
work the “stress pulse” and “stress ramp” protocols. In
the stress pulse protocol, a steady prestress was applied
for 20s, superimposed with a small amplitude oscillatory
stress δσ(t) = δσeiωt. The resulting oscillatory strain
response δγ(t) = δγeiωt was measured at a frequency
of 0.5Hz. The oscillatory stress was fixed at 10% of the
steady prestress and the first 10s of oscillations were dis-
carded to eliminate the possible influence of instrument
inertial contributions. The stress was set to 0Pa for a period
of 60s between successive measurements to probe network
recovery following perturbation. The complex differen-
tial modulus in this approach, K(ω, σ) = δσ/δγ, is an
instantaneous measurement9 and independent of inelas-
tic fluidization over longer timescales. From the complex
modulus, we derive the differential storage modulus, (K’)
the differential loss modulus (K”) and the loss tangent
(K”/K’). By contrast, in the stress ramp protocol,47,71 no
oscillations were superimposed, and the sample strain was
measured while the steady stress was increased at a fixed
logarithmic rate σ˙, defined in units of decades of applied
stress per second. The resulting differential modulus K’
was calculated by applying a numerical derivative to the
stress-strain curve. In the stress ramp protocol, K’ is de-
pendent both on the elastic response of the constituent
filaments and any inelastic fluidization, as demonstrated in
earlier studies of entangled actin networks.9,71
The time-dependence of network deformation over longer
time scales was probed by a creep test, in which a constant
shear stress was applied for 600 seconds and the resulting
strain was measured. The creep rate was determined by
performing a linear fit over the final 60s of the time de-
pendent strain. The timescale for stress relaxation (where
the elastic and viscous moduli cross-over) were probed
by frequency-dependent oscillatory measurements over a
frequency range of 10−3 − 1Hz, with a strain amplitude
3
Figure 2: Rate dependent mechanics of vimentin intermediate filament networks. (a) Logarithmic stress ramps (circles)
at variable loading rates, σ˙, to give the differential storage modulus K’ with respect to stress σ normalised by linear
modulus G0 and onset stress σ0. The response shows close agreement with the stress pulse protocol (grey dashed line)
below a threshold stress σ∗ ≈ 2.5 × σ0 (vertical dashed line) but is highly dependent on loading rate above σ∗. (b)
Faster loading rates correspond to increased rupture stress (top) and increased peak storage modulus (bottom). Lines
are guides to the eye.
of 0.5%. When probing the frequency response in the non-
linear regime, oscillations were superimposed on a steady
stress through the same principles as outlined in the stress
pulse protocol above. Repeated frequency sweeps were
applied to each sample to verify that the samples were
unaltered during the course of the measurement.
Fluorescence Imaging
Wild type vimentin was labelled through conjugation of
its single cystein residue with Alexa Fluor 488 maleimide
(Invitrogen), as previously described.77 Labelled and unla-
belled vimentin were mixed in storage buffer before dialy-
sis, with a fraction of labelled vimentin of approximately
5%. Imaging was carried out using a Nikon A1 confocal
microscope with a perfect focus system, a 100x/NA1.4 oil
immersion objective, and a 100-mW 488 nm argon ion
laser.
Scanning Transmission Electron Microscopy
Imaging was performed as previously described54 on a
Verios 460 electron microscope (FEI) operating in bright
field mode at an acceleration voltage of 20 kV. Vimentin
filaments were assembled at a concentration of 0.01mg/ml
for 1 hour and deposited on carbon-coated copper grids
(Ted Pella). After 1 minute of deposition, the grids were
rinsed with assembly buffer and adsorbed filaments were
fixated by incubating with 0.1%(w/v) glutaraldehyde dis-
solved in Milli-Q water (Merck) for 5 minutes. Before
imaging, grids were rinsed 5 times with Milli-Q water and
air-dried.
Network Modelling
In order to calculate the expected rheological response
in the limit of affine (uniform) network deformation, we
computed the stress-strain response of isotropic ensembles
of non-interacting rigid rods. Isotropic ensembles of fila-
ments were generated by a custom-written Matlab code. A
total of 104 filaments of length lc were randomly deposited
within a three-dimensional cube. The value of lc was in-
ferred from measurements of the linear storage modulus
G0 using the relation:55 lc =
(
6ρkBTl
2
p
G0
)1/3
where kB is
the Boltzmann constant, T is the experimental tempera-
ture of 310K and lp is the persistence length of vimentin
(2.1µm61). The length density of filaments in the simu-
lation was selected to match the experimental length per
volume ρ. Each filament was assigned a random orien-
tation and subjected to a homogeneous shear strain. The
resulting filament tension was computed through an an-
alytical expression for the force-extension relation of an
inextensible semiflexible polymer.10
Results
We first compare the nonlinear viscoelastic response of
vimentin networks through two rheology protocols. Fig-
ure 1(c) shows the results from the “stress pulse” protocol
which probes the elasticity of the network in response to
an instantaneous stress.23 As the stress is increased above
a threshold stress σ0, both the differential storage modulus
K’ and loss modulus K” are observed to increase, indi-
cating network stiffening. K’ increases with a power law
of exponent 3/2, consistent with models of entropically-
driven stiffening of semiflexible polymers and indicating
that the network response inherits the force extension be-
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haviour of its constituent filaments.10,55 At higher stress,
the stiffening exponent begins to level-off, indicating the
enthalpic stretching of the individual filaments.50,52
The dissipation of stress in the vimentin network is quan-
tified by the loss tangent, tanδ = K ′′/K ′. The instanta-
neous nature of the stress pulse protocol means that dissi-
pation has its origins in the viscous drag on the fluctuating
filament segments.24 A slight increase in tanδ is observed
immediately prior to the onset of stiffening, which we
speculate may be due to the unbinding of weaker bind-
ing sites that have previously been reported to exist on
vimentin’s rod domain63. In the stress regime where the
network stiffens, tanδ decreases due to the damping of
filament fluctuations.24 Only at high stress does tanδ begin
to increase, indicating progressive crosslink unbinding and
incipient network fracture. This leads to eventual network
rupture, defined as tanδ > 1, consistently measured as
σ = 100Pa over 3 repeat experiments. We examine the
plasticity of the network across these different regimes of
applied stress by probing the mechanics following 60s of
strain relaxation. A remarkably high degree of recovery
of the original modulus of the virgin network is observed
as, even immediately prior to the rupture of the network,
G’ decreases no more than 2-fold in comparison to the
original linear modulus. We note that this behaviour con-
trasts strongly with actin networks, which retain a strong
“memory” of prior cycles of stress68 and strain.56
So far, we have examined only the instantaneous elasticity
of the vimentin networks. To examine time-dependent
mechanics we probe the same networks with the stress
ramp protocol. Here, the measured mechanical response
is the result of a convolution of two separate phenom-
ena, the entropic stiffening previously shown in figure 1
and the inelastic fluidization of the vimentin network over
time. Direct agreement between the protocols would there-
fore indicate the complete absence of inelastic fluidiza-
tion.9,47,71 Figure 2(a) shows the nonlinear response from
the stress ramp protocol over a range of loading rates of
10−1-10−3s−1, where the rate denotes decades of applied
stress per second. At low applied stress, the initial stiff-
ening as well as the linear modulus and onset stress (see
figure S1) are all in close agreement with the entropic stiff-
ening measured by the stress pulse protocol. By contrast,
above a threshold stress σ∗ the nonlinear response depends
strongly on the loading rate: with large deviations from
the stress pulse protocol observed at the slowest loading
rates, and more subtle deviations seen at the fastest load-
ing rates. As a consequence, both the degree of stiffening
(figure 2 (b), bottom) and the rupture stress,(figure 2 (b),
top) for convenience defined as the stress corresponding
to a 5 orders of magnitude increase in strain (figure S2),
increase substantially with loading rate.
The loading-rate dependent nonlinear response indicates
a softening of the network which counteracts the entropic
stiffening that is barely perceptible at the fastest loading
rates (σ˙ > 0.1s−1) but clearly present at the slowest load-
ing rates (σ˙ < 0.1s−1). At intermediate loading rates
(σ˙ ≈ 0.1s−1), we observe reentrant entropic stiffening,
suggesting a sensitive interplay between entropic stiffen-
ing and softening. Remarkably, the onset of inelastic flu-
idization at σ > σ∗ is independent of loading rate (figure
S3).
Figure 3: Independent verification of vimentin network
inelastic fluidization through the dependence of creep (a)
and creep rate (b) on the level of applied stress. Consistent
with stress ramp data (figure 2) the creep and creep rate
both increase strongly above a threshold stress σ∗, indicat-
ing significant inelastic fluidization. Networks withstand
strains up to 1000% at applied stresses of 20×σ0.
To independently verify the stress dependence of inelastic
fluidization, we carry out a series of creep experiments,
measuring the time-dependent strain response of the net-
work at different levels of stress. Figure 3 shows the
time dependent strain at increasing applied stress (top)
and the associated creep rate (bottom). For σ < σ0 the
creep and creep rate both increase steadily with increas-
ing stress, reaching a plateau at σ ≈ σ∗. At higher stress
(σ > σ∗), a subsequent increase in creep and creep rate is
observed, confirming the presence of a inelastic fluidiza-
tion at σ ≈ σ∗. Using the same definitions of the rupture
stress σrupture as for the stress ramp protocol we find
σrupture = 20 × σ0 at applied strains of 1000%, which
corresponds approximately to the slowest loading rates in
figure 2.
The hierarchical structure of vimentin networks presents
a number of possible mechanisms by which inelastic flu-
idization could occur at σ > σ∗. Firstly, it may be en-
thalpic, arising from the stretching of individual filaments
beyond their equilibrium contour length via the unfolding
of coiled-coil rod domains5,65. To estimate the likelihood
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of this scenario, we calculate the expected forces exerted
on individual filaments by modelling the network as an ini-
tially random ensemble of filaments that deforms affinely
when a shear stress is applied, as shown in figure S4. The
individual forces acting upon each filament at a given shear
stress are determined by an analytical expression for the
semi-flexible force-extension relation.10 The forces per
filament are in the sub-piconewton range for σ < σ∗. At
σ ≈ σ∗ a proportion of filaments (≈ 15%) experience
forces exceeding 1pN for σ ≈ σ∗, but these forces are
much lower than those reported to initiate axial stretch of
the filaments (of order 100s pN)5).
A more likely explanation is therefore that inelastic flu-
idization is caused by unbinding of crosslinks between
the vimentin “tail” regions. The noncovalent nature of
these crosslinks37 suggests a mechanism for unbinding
under tension and would also be consistent with the ob-
served loading rate dependence because the bond fraction
depends not only on the maximum load applied over the
course of the experiment but also on total loading time.
Figure 4: Frequency sweeps of vimentin networks, aver-
aged (N=3), with shaded regions representing standard de-
viation. Small amplitude oscillations are superimposed on
to constant deformations simultaneously revealing stress
and timescale dependence of moduli. At lower applied
stress the moduli and loss tangent are largely invariant with
frequency indicating that any characteristic timescales ex-
ceed the experimentally accessible range (1-1000s). At
higher applied stress, G’ and G” begin to converge at
low frequencies indicating that the characteristic crosslink
timescale decreases as applied stress is increased.
To measure the stress-dependent crosslink unbinding time,
τoff we perform oscillatory frequency sweeps while simul-
taneously applying a constant stress, as shown in figure 4.
We expect stress relaxation at frequencies below 1/τoff .8
At low prestress (0.2Pa), corresponding to the linear elas-
tic regime previously identified in figure 1, both G’ and
G” are nearly constant over all frequencies (figure 4, left)
indicating minimal flow, which is consistent with the min-
imal creep observed at low stress (figure 3). Increasing
the steady stress to a magnitude corresponding to σ0 (fig-
ure 4, centre) and beyond to σ∗ (figure 4, right) reveals
a convergence between G” and G’ at the lowest frequen-
cies, indicating the onset of flow. Therefore, crosslink
unbinding can be said to occur only over long timescales
(exceeding the experimentally accessible time of 1000s)
with increases in applied stress leading to faster unbinding
kinetics, a phenomenon often referred to as “slip bond
behaviour”.2
We have established that inelastic fluidization occurs above
a threshold shear stress of σ∗ = 2.5 × σ0 (figure 2) cor-
responding to expected filament forces in the piconewton
range (figure S4) at unbinding rates of order 10−3Hz (fig-
ure 4). To verify that inelastic fluidization is indeed caused
by crosslink unbinding we seek to artificially modify the
affinity and timescale of crosslinking. Firstly, we assem-
ble the filaments in the presence of glutaraldehyde, which
induces permanent bonding through fixation.14 To min-
imize the risk of damaging45 or substantially stiffening
the filaments through fixation46 we use low glutaralde-
hyde concentrations of 0.001%(w/v)≈ 100µM , a 5× mo-
lar excess to vimentin. Fixed networks were found to
have comparable loss and storage modulus to untreated
networks, validating our approach (figure S5, middle and
right panels). We also note previous reports that vimentin
intermediate filaments retain their ability to axially stretch
even when fixed with glutaraldehyde concentrations as
high as 0.1%(w/v)27. By contrast crosslinking is also sup-
pressed by using a vimentin “tailless” mutant, which still
leads to self-supporting networks (figure S5, left panel) a
likely consequence of residual crosslinking provided by vi-
mentin’s rod domain63 and possibly the effect of polymer
entanglements.
The nonlinear mechanical response of these three
crosslinking regimes (transient, permanent and suppressed
crosslinking) using the stress pulse protocol are shown
in figure 5. All three are observed to stiffen under ap-
plied stress, but the degree of stiffening Kmax/G0 and
the rupture stress σrupture are strongly dependent on the
nature of the crosslinking. Permanently crosslinked net-
works show the most pronounced stiffening and resilience
to rupture while networks with suppressed crosslinking
show minimal stiffening and lower rupture stresses. The
permanent and transient networks exhibit a similar stiffen-
ing response up to stresses of approximately 10×σ0, the
same point at which tanδ is observed to increase in tran-
siently crosslinked networks (figure 5, bottom). A similar
increase in tanδ is also observed when the crosslinking
is suppressed but it occurs at significantly lower applied
stress (σ ≈ 0.2 × σ0), indicating a higher propensity for
forced crosslink unbinding. Taken together these observa-
tions validate our hypothesis that force-dependent crosslink
unbinding is the primary factor in determining inelastic
fluidization.
Prior work has shown that tailless vimentin forms thicker
and more irregular filaments compared to the full-length
protein,6,31 which would result in coarser networks at
equivalent concentrations. To test the influence of this,
we increase the concentration of tailless vimentin so that
the filament contour length per unit volume ρ matches that
of the wild type network, using the previously reported
data on the mass density of the filaments.31 For equivalent
ρ the linear mechanical response is identical between tail-
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Figure 5: Nonlinear mechanics of vimentin net-
works probed by the stress pulse protocol in different
crosslink regimes. Symbols denote transient crosslink-
ing (squares), permanent crosslinking (triangles) and sup-
pressed crosslinking (circles), closed symbols denote stor-
age modulus, open symbols denote loss modulus. All
networks exhibit stiffening under prestress. Peak modulus
and rupture stress increase when permanent crosslinking
is present and decrease when crosslinking is suppressed.
The evolution of tanδ with stress indicates that permanent
crosslinking results in lower network flow, while suppress-
ing crosslinking leads to greatly increased network flow.
less and wild type vimentin networks (figure S5(a)) while
the nonlinear mechanical response quantitatively resem-
bles that of tailless vimentin at lower concentrations (figure
S5 (b)). Importantly, also at equal fiber length density, the
tailless vimentin stiffens much less than the full length
protein, supporting our hypothesis that the tail domain has
minimal influence on the linear modulus but is essential
for robust strain stiffening.
Finally, we examine the loading rate dependent mechanics
of the three different networks through the stress ramp pro-
tocol (figure 6). As expected, networks where crosslinking
is suppressed exhibit minimal stress stiffening but pro-
nounced softening at increasing loads, a phenomenon ob-
served across all loading rates. By contrast, networks
where crosslinking is permanent show high degrees of
stiffening, with little sensitivity to loading rate. Thus, we
can conclusively state that the loading rate dependent me-
chanics of vimentin networks is a direct consequence of
their transient crosslinking.
Discussion
The overarching theme to our findings is that vimentin
intermediate filament networks are not permanent struc-
Figure 6: Nonlinear mechanics of vimentin networks
probed by the stress ramp protocol in different crosslink
regimes. Colours denote different loading rates. In the
original transiently crosslinked state (centre) loading rate
dependent stiffening is observed. Introducing permanent
crosslinks to the network results in a nonlinear response
equivalent to transient networks for the fastest loading rates.
Suppressing crosslinking results in virtually no stiffening
for all loading rates.
tures but are dynamic as a consequence of the transient
noncovalent interactions between the filaments. Similar
characteristics have been observed in the other filamentous
systems of the cytoskeleton, actin75 and microtubules51.
In the case of these other cytoskeletal networks, inelastic
fluidization appears to counteract their ability to withstand
mechanical loads. By contrast, we show that vimentin
networks are able to withstand much higher strains before
rupture but also possess the ability to soften, counteracting
the entropic stiffening.
Inelastic fluidization in intermediate filament networks
is manifested by a characteristic yield stress σ∗, above
which crosslink unbinding is enabled, and the network be-
comes highly sensitive to loading rate. This yield stress,
defined by the onset of rate dependence in the stress pulse
protocol (figure 2) lies comfortably within the range of con-
tractile forces that are typically exerted by cells, of order
0.1-10Pa.38 Furthermore the networks do not permanently
fracture since self-healing is observed upon removal of
stress.
We estimate from assuming an affine network response
that σ∗ corresponds to forces exerted on individual fila-
ments that are in the range of at most a few piconewtons
(figure S4). Although rupture forces between tail domains
have yet to be directly measured, the interaction potential
between the disordered sidechains of neurofilaments, the
intermediate filaments found in neuronal cells, is similarly
low, of order of a few kBT .1 These piconewton forces
exerted on filaments are apparently sufficient to cause un-
binding of the tail-mediated crosslinks. This implies that
the tail-mediated crosslinks are significantly weaker than
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the crosslinks in actin networks provided by accessory
crosslinker proteins, which exhibit typical rupture forces of
order 10 pN.18 Nevertheless, reconstituted actin networks
are able to withstand shear stresses that are about a factor
of 10 lower than vimentin networks.40 We speculate that
the differences between the strength of vimentin and actin
networks may arise because binding between actin and its
associated accessory proteins is defined locally by a single
surface binding site while intermediate filament crosslink-
ing is mediated by the collective interactions between their
tail domains. Although these interactions are individually
weaker, they may impart a stronger load resistance through
a “strength in numbers” mechanism. Such a mechanism
would suggest slower unbinding rates because unbinding
would demand a collective rupture of all tail domains. In-
deed we observe crosslink unbinding at particularly slow
rates, (≈1000s at σ ≈ σ∗), compared to the faster (≈10s)
unbinding timescales of actin crosslinkers.60 A further pos-
sible factor in vimentin’s slow unbinding is that unbound
tail domains will maintain a close proximity to each other
if neighbouring tail domains remain bound. This would
lead to an increased tendency for rebinding, in contrast to
actin networks where accessory proteins are able to rapidly
diffuse and bind elsewhere in the network.59,60 The slow
dynamics we observe for vimentin filaments are consis-
tent with the physiological role of intermediate filaments
as maintainers of cell integrity28,44,70 and cytoskeletal po-
larity in migrating cells15,21,39 in direct contrast to actin’s
role in “fast” cellular processes such as motility and shape
change.53
Based on our rheological data we propose a constitutive
phase space for the nonlinear mechanics of intermediate
filament networks (figure 7). This phase space reflects a
balance between two phenomena: entropic stiffening at
fast loading rates and low applied stress, and inelastic flu-
idization at slow loading rates and high applied stress. It
has previously been proposed, that either one or the other
phenomenon will dominate, depending on the relevant
experimental time scale.78 The stiffening we observe is
nearly instantaneous, occurring over the∼20s timescale of
the stress pulse protocol (figure 1), in direct contrast to the
network’s slow inelastic fluidization. This large timescale
separation enables the networks to exhibit a complex me-
chanical response in which entropic stiffening and inelastic
fluidization act concurrently such that gradual crosslink
unbinding can take place while filament segments between
crosslinks continue to stiffen.
Conclusions
We have shown that intermediate filaments possess a com-
plex mechanical response that depends both on the magni-
tude of applied stress and its timescale. By systematically
probing the viscoelastic response as a function of load
and loading rate, we highlight a number of previously
unreported aspects of intermediate filament network me-
chanics. We show that the networks have a characteristic
yield stress, above which the network softens in a loading-
Figure 7: Schematic of nonlinear response of transiently
crosslinked vimentin networks (a) based on rheological
data (b). The interplay between entropic stiffening of
filament segments between crosslinks (light arrows) and
the dynamic binding/unbinding of crosslinks between them
(dark arrows) leads to a nonlinear mechanical response
that is sensitive both to the magnitude and the rate of the
applied force (c). For the slowest loading rates (1), the
rheological response is dominated by crosslink unbinding,
while at the fastest loading rates (3) it is dominated by
entropic stiffening. At intermediate rates (2), entropic
stiffening and crosslink unbinding occur concurrently such
that softening followed by reentrant stiffening is observed.
rate dependent manner. Above this yield stress, softening
is highly sensitive to loading rate, a phenomenon that is
shown to be a direct consequence of vimentin tail-mediated
crosslinking. This crosslinking is transient but has a par-
ticularly slow unbinding rate, which we attribute to the
collective binding of vimentin’s tail domains. The slow
unbinding rate may explain why previous studies have indi-
cated that intermediate filament crosslinking is permanent
in nature.52
As well as being of fundamental interest, these slow un-
binding rates may be of direct relevance to understanding
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force dissipation in the cytoskeleton. Previous work has
attributed this dissipation to phenomena on the single fil-
ament level such as changes in protein secondary struc-
ture20, slippage of subunits58 and tail-domain unfolding.42
Our findings highlight that considerations at the network
level must also be taken into account.
In the context of vimentin’s role in cell mechanics, it will
be of particular interest to examine how crosslinking is reg-
ulated by the different concentrations of monovalent and
divalent ions, which are known to influence the structure of
the crosslink-mediating tail regions7 and their interaction
strength.52 and by post-translational modifications such as
phosphorylation of the tail domain.35 In addition it will be
interesting to examine the interplay between noncovalent
tail-mediated interactions and mobile crosslinkers by in-
troducing reconstituted plectin into intermediate filament
networks.57
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Supplementary Information
Figure S1: Onset stress σ0 of nonlinearity in the shear moduli of vimentin networks (left) and linear modulus G0 as
a function of loading rate. Dashed lines indicate average values, shaded areas indicate an interval of one standard
deviation. Unlike the peak modulus and rupture strain (figure 2) both G0 and σ0 are independent of loading rate.
Figure S2: Typical strain vs. curve of a vimentin network (σ˙ = 0.1s−1) obtained using the stress ramp protocol.
Network rupture is defined as having taken place when the strain increases by at least 5 orders of magnitude between
successive measurements. Filled symbols show data before rupture, empty symbols show data after rupture.
Figure S3: Loading rate dependent contribution to differential modulus K’ as a function of normalized stress. The
contribution is calculated by subtracting loading rate dependent nonlinear rheology data (figure 2) from loading rate
independent data (figure 1). At low applied stress, all data superimposes, and the contribution is negligible. At applied
stresses exceeding σ∗, loading rate dependent deviations from stress pulse data are observed, with slower loading rates
corresponding to larger deviations.
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Figure S4: Simulation of the response of affinely deforming polymer networks under applied shear. (a) Initially
isotropic filament ensembles are generated by placing filaments at random positions and orientations and applying a
homogeneous shear strain. The force per filament is calculated using an analytical expression for the force-extension
relation of an inextensible semiflexible polymer. (b) The evolution of the resulting storage modulus (black line) is in
approximate agreement with the differential storage modulus measured through the stress-pulse protocol of 1mg/ml
vimentin (red squares). Discrepancies between simulation and experiment are seen at σ ≈ σ0, which is likely due to
slight network nonaffinity as agreement is observed at higher vimentin concentrations of 2mg/ml(blue triangles, taken
from50). (c) The force per filament remains below 1pN for all filaments in the linear regime (σ < σ0) and at the onset
of stiffening ((σ ≈ σ0). At the yield stress (σ ≈ σ˙) the force per filament exceeds 1pN for a small proportion (≈ 15%)
of filaments.
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Figure S5: Frequency sweeps of vimentin networks in different crosslink regimes, averaged (N=3), prepared at
concentrations of 1mg/ml, strain amplitude 0.5%. Transiently crosslinked networks have comparable values of G’ and
G” to permanently crosslinked networks, indicating that the glutaraldehyde crosslinking does not significantly alter
the network architecture or dynamics. When crosslinking is suppressed, both G’ and G” are notably lower across
all frequencies, which is likely a consequence of their increased mass per length31, resulting in a coarser network at
equivalent concentrations. Further evidence for this is presented below in figure S6.
Figure S6: Linear (a) and nonlinear (b) rheological response of tailless vimentin networks at different concentrations
and total filament length per volume, ρ. Where the concentration of tailless vimentin is identical to wild type vimentin
the linear response is significantly weaker and the degree of stiffening is significantly lower. When both networks
have identical ρ their linear response is identical, but the degree of stiffening remains low, clearly demonstrating that
crosslinking is the main determinant of reduced stiffening.
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